One of the principal defects in single crystal nickel-based superalloy investment cast turbine blades is secondary grains. The alloys used for these components do not contain grain boundary strengthening alloying elements, giving a dramatic drop in strength at high temperatures when secondary grains occur. Of this class of secondary grains, one constitutes recrystallisation. This is defined by the formation of equiaxed grains following solution heat treatment, which is required to eliminate as-cast eutectic phases and to attain of compositional homogeneity. Thermo-mechanical deformation following solidification progressively occurs in the solid, which is dependent on the cooling rate and specific geometrical features in the casting. The latter comprises regions of small radii of curvature, associated with fillet radii in turbine blades, where stress concentration features will lead to plasticity, providing a driving sufficient to trigger re-crystallisation on heat treatment [1] . Therefore, it is important to calculate the evolution of plastic strain and stress response during cooling for predicting such defects using numerical modelling. This in turn requires detailed experimentation for obtaining reliable timedependent thermo-mechanical deformation data at high temperature.
Traditionally, experimental approaches have involved use of isothermal stress-strain curves under constant strain rate or stress to describe the constitutive material behaviour [2 -5] . However, non-isothermal creep properties under such high temperature/low strain (strain rate) conditions have also been extensively studied in Ni-base superalloys [6 -9] . The time duration of such tests is typically greater than 50 hours; this is therefore unrepresentative of the less than 1-hour casting process. Furthermore, such creep tests do not capture the history dependent deformation during casting. In casting, this history-dependence is considered to be important as deformation at higher temperature is expected to play a key role in the subsequent deformation induced at lower temperature; an aspect missing in the tests representative of in-service conditions. Another aspect that is missing in these studies is specifically the role of micro-segregation, which is characteristic of the as-cast state, but absent in the homogenised condition. Micro-segregation arises because of difference in solute solubility in the solid and liquid and resulting in solute partitioning. Micro-segregation is further exacerbated when solid-state diffusion is limited, specifically in the case of refractory alloying additions, such as Ta, W and Re, which is characteristic of 2nd and 3rd generation Ni-base alloys [10] . The solidification path is dependent on microsegregation and will determine the amount of non-equilibrium phases that occur with the inter-dendritic region [11] . In the presence of such non-equilibrium (eutectic) phases, it has been shown that deformation is concentrated near this eutectic morphology. The accumulated plastic strain subsequently promotes recrystallisation during subsequent solutioning to eliminate micro-segregation [12, 13] . This is additionally confirmed by other studies, which report that dendrite cores (segregated in W and Re) which are the regions that solidify first are virtually dislocation free. In the inter-dendritic region across the dendrite cross-section, there is an increase in dislocation density, observed as loops around precipitates [14] . Therefore, the quantification of time-dependent deformation during deformation has been carried out using two different approaches;
• 'In-situ' measurements exploring various boundary conditions have been made to replicate manufacturing conditions. This has included cooling under different conditions, i.e. strain or displacement control, with lattice (elastic) strain measured using neutron diffraction techniques [15, 16] .
This method enables the elastic behaviour of the major phases; the  matrix and  strengthening precipitates, to be independently characterised, where dislocation-hardening behaviour may be inferred from lattice strain evolution. However, weak superlattice reflections associated with the  phase make accurate quantification of dislocation densities from peak broadening analysis highly inaccurate.
Furthermore, experiments are limited to slow cooling rates due to neutron signal acquisition times.
These drawbacks do not exist for experiments at constant temperature and/or longer dwell times, such as creep and stress relaxation in similar alloys [17, 18] . Finally, studies requiring access to high temperature furnaces are complex as a number of experimental issues need to be overcome; this includes oxidation & corrosion effects, suitable sample monitoring including specialised thermocouples & strain gauges as well as thermal scattering associated signal attenuation effects. These effects are relevant here as plastic strain that induces re-crystallisation occurs above 1000C [1, 14] .
• 'Post-mortem' experiments to study recrystallisation have also been performed. In such studies, laboratory load frames are used at high temperature to subject samples to tensile/creep/stress relaxation test conditions to determine the temperature-dependent flow stress. However, tensile gripping is limited to a maximum temperature of 1150C [2, 14] . This may be overcome by using compressive loading with flat platens, (e.g. using a Gleeble [19, 20] ). However, the effect of compression instead of tension induced recrystallisation has not been verified.
Therefore, in order to overcome the major limitation in maximum temperature possible using existing techniques to enable the measurement of flow stress and creep strain from 1300C, which is close to the solvus temperature, an alternative experimental method is required. A unique method to overcome these issues is to use electro-thermal miniature testing (ETMT). In addition to tensile testing (replicating a conventional uniaxial load frame), elevated temperature testing is possible by passing a resistive current through electrically conductive samples. Water-cooled grips are used to give a temperature gradient along the length of the sample [21, 22] . Recent studies have confirmed that at a central temperature up to around 900C, the temperature distribution along the test-piece is parabolic [23, 24] . Consequently, the temperature variation along the 3 mm gauge length for Ni-base alloys is typically 5C [25] . At temperatures approaching 1300C, radiation losses become more important and resulting in a smaller temperature variation within the central gauge length.
Consequently, a small gauge volume with a tight control of temperature permits accurate measurement of plastic strain through measurement of sample resistance [21, 22] .
Thermo-mechanical data generated may be used to calculate plastic strain and stress that develops within a casting during cooling. Accordingly, thermo-elasto-plastic models may be employed. These models implicitly assume a constitutive law where stress is a function of time-dependent plastic strain rate, plastic strain and temperature [14, 26, 27] . Consequently, the high fidelity thermo-mechanical data measured in this study by overcoming the drawbacks in in-situ or post-mortem approaches can be used in a numerical model, where the issues of history-dependent deformation are addressed by building on a previous study [28] . Therefore, the objectives in this study are two-fold;
To carry out cooling experiments under displacement control to obtain a range of plastic strains as in [14] , which is typical of casting conditions. The evolution of stress, is then used to dictate the subsequent flow stress and creep experiments.
(ii) To carry out flow stress and short-term creep tests that appropriately incorporates the historydependence of prior deformation, which is described in the experimental section. A constitutive equation for creep is then derived from this data.
Experimental Method

Materials
Single crystal test bars from the Ni-base superalloy, CMSX-4 with nominal composition given in Table 1 , were directionally solidified and with axial orientations within 10 from 〈001〉. Cylindrical samples had ~10 mm diameter and ~ 60 mm length. Apart from as-cast test bars, one of these was solutioned (heat treated) at a nominal temperature of 1310C for 6 hours to dissolve the as-cast eutectic and homogenise the segregated ascast microstructure. Test-pieces were electro-discharge machined (EDM) from the test bars to have a slightly larger than nominal 2 mm × 1 mm and 2 mm × 2 mm cross section along the full length (40 mm). The EDM surfaces were ground with abrasive media to remove any re-cast EDM layer and surface residual stresses. Test specimens were cuboids; 2 mm × 1 mm × 40 mm and in some cases; 2 mm × 2 mm × 40 mm.
Electro-thermal Miniature Testing (ETMT)
Plastic Strain Measurement
The resistance is initially calculated at room temperature (RT) by measuring the specimen current (I) after application of a fixed potential difference (V  1.6 mV or  3. respectively. The calculated resistivity is typically in the range of 1.52 × 10-9 m to 1.55 × 10-9 m at room temperature. An ETMT system developed at the National Physical Laboratory was used to measure the macroscopic stress and plastic strain; the latter calculated by monitoring changes in resistance. More details of the experimental set-up can be obtained from [21 -25] . 
Since the plastic strain is measured from the resistance, any error in the resistance measurement contributes to an error in the plastic strain. The current and voltage measurements are made with better than 1 part in 104 uncertainty and the maximum range in the measured resistance is  0.002 m and with an accompanying standard deviation of  0.001 m. From Equation 1, the upper and lower plastic bounds of plastic strains is
). This is used to estimate a plastic strain resolution of ~ 0.05 %.
High Temperature Thermo-mechanical Testing
Three types of experiments were carried out using the ETMT method corresponding to; continuous cooling, flow stress and creep. In all cases, the zero-load resistance was measured between 1150C and 1300C during heating and cooling.
(1) Continuous Cooling -All cooling experiments were carried out under displacement control, where a cooling rate of 0.1 C s-1 was used, typical for directional solidification conditions. The load was continually measured from which the stress (engineering) and the plastic strain was calculated from the measured resistance between 1300C and 1150C. Following termination of the test, the sample was cooled under zero-load to room temperature. Since plastic strain accumulates during directional solidification at turbine blade stress concentration features, replicating this experimentally would require notched ETMT specimens. This is not straightforward given the very small cross-section. An alternative approach was therefore adopted to replicate this deformation state in the gauge volume. Here, samples
were cooled under displacement control, such that an increased tensile plastic strain, pl , is produced within sample gauge in addition to the thermal strain, th . However, it is noted that the tri-axial stress state that develops in turbine blade fillet radii will not be produced. The displacement rates for the different samples is schematically illustrated in Fig. 1 . Accordingly, Fig, 1 (a) shows the case for samples (2) Creep Tests -A rigorous method for conducting "deformation history" dependent creep tests encompassing the stress/strain conditions in the cooling experiments would involve cooling several samples under different displacement rates () from 1300C to a series of lower temperatures. A series of flow stress and short-term creep tests at fixed temperatures, stresses would need to be performed and each creep test would constitute a unique sample. The process can be repeated at other discrete temperatures and at a number of lower temperatures. However, such an approach while being exhaustive will require a significant number samples, making it overly time consuming, necessitating some simplification. Two approaches were followed;
• Method 1 -Use of a single specimen (T1): This is schematically illustrated in Fig. 2 , starting with tests at 1280C, followed by tests at successively lower temperatures. At any temperature, the range of applied stresses for the creep tests correspond to that observed in the continuous cooling experiments. The sample was cooled under zero-load between two successive temperatures before the creep experiments were repeated. Using this method, creep tests were carried out at 1280C, 1260C and 1240C, and stresses 1 -9, as indicated by the red solid line.
• Method 2 -Use of multiple specimens (T2 and T3): This is also schematically illustrated in Fig. 2 .
The sample is cooled under displacement control from 1300C to a given temperature and a creep test is carried out at the stress that develops on cooling at that temperature. Further creep tests are done at incrementally applied stresses at that temperature. The process is then repeated by cooling from 1300C to a subsequent lower temperature. Therefore, a single sample is used for creep test at any temperature. Using this approach, creep tests are carried out at 1220C and corresponding to stresses 10, 11 and 12, as given by the green line and 1180C corresponding to stresses 13, 14
and 15, as indicated by the blue solid line.
(3) Flow Stress -A similar approach to the creep tests was followed, where a single sample was used, i.e. Method 1. However, since plastic strain cumulatively builds up during flow stress testing at lower temperatures, a slight modification was adopted on the principles of Method 2. The temperature range was sub-divided into two regimes, i.e. between 1280C and 1220C and between 1190C and 1170C.
In the first case, flow stress measurements were carried out between 1280C and 1220C, where between successive temperatures the samples were cooled under zero-load at 0.1 C s-1. However, in case of the temperature range between 1190C and 1170C, the sample was first cooled under displacement control up to 1190C, akin to a cooling experiment and subsequent flow stress measurements were carried out at 1190C, 1180C and 1170C. Between successive temperatures the samples were cooled under zeroload at 0.1 C s-1. Flow stress was measured at a similar strain rate over all temperatures.
Electron Microscopy
Scanning Electron Microscopy was undertaken in a JEOL 7800F equipped with a Symmetry Electron Micro X-ray Fluorescence (µ-XRF) was used to map the macro-level segregation in the samples. The central gauge portions (approximate dimensions 20 mm × 2 mm of samples 1 , 3 , and 2 were mapped using a Bruker M4 Tornado equipped with two 30 mm2 EDS detectors. Maps were collected with a step size of 15 µm at 50 kV and using a current of 580 µA in vacuum. An AlTi 100/25 sandwich filter was used to minimise diffraction peaks. This configuration is best for comparing the composition of key elements of these samples, but the quantification of relatively low energy X-rays (such as those from Al) is compromised (this is not the primary focus of this work). However, the focus is on primarily Re and Cr, which are the key segregating elements to  phase and Ta that partitions to . zero-load. Fig. 4 (b) specifically focuses on the temperature interval between 1150C and 1300C. Since the intrinsic resistivity of  and  differ with that of  lower than that of  [22] , during heating there will be a change in the overall resistance in the gauge volume. Progressive dissolution of  commences at  750C and terminates at the solvus temperature. The solvus temperature on heating/cooling can be deduced from the onset of the plateau, while the kinetics of dissolution is manifested by the shape of the curves. It can be observed that not only is there a range in solvus temperatures (Tsolvus = 33 C) across both heating and cooling curves; see Table 2 , but the kinetics of dissolution is also different beyond 1150C. It is not straightforward to compare the resistivity curves owing to this and to facilitate a comparison it is apt to consider the normalised resistivity,
Results
Resistivity and Evolution of Stress and Plastic Strain in near-Solutioned Microstructures
where the resistivity at any temperature is divided by the maximum resistance value; as in Fig. 4 (c). This procedure makes comparison between curves possible. A clear gradation in the normalised resistivity curves during both heating and cooling is observed, where at a given temperature the normalised resistivity of sample 1 is the greatest, while sample 2 is the lowest.
The implications of resistivity in the evolution of plastic strain and stress during continuous cooling in samples 1 , 2 , and 3 are presented in Figs. 5(a) and (b) respectively. There is a rapid increase in stress over a temperature interval; T = 10 C between 1300C and 1290C;   5.6 -7.9 MPa beyond which there exists a temperature interval of near-constant stress. This temperature interval for near-constant stress is lowest for 1 (T = 20 C) and greatest for 2 (T = 50 C). Below a threshold temperature there is again a rapid increase in stress signifying hardening. This threshold temperature is highest for 1 ; 1260C and lowest for 2 ; 1230C but the threshold stress (onset of steep increase) is comparable across all samples;   12.2 -13.1 MPa; see Table 2 .
There is also a continuous increase in plastic strain on cooling, with the threshold strain at the onset of hardening in the range;   0.98 -1.63 %. Therefore, the evolution of stress and plastic strain during cooling is dictated by the normalised resistivity. A higher normalised resistivity is associated with a higher threshold temperature for the onset of hardening and accompanied by a greater stress on cooling below the threshold temperature, c.f. lower normalised resistivity.
Resistivity and evolution of Plastic Strain, Strain Rate and Stress during Cooling in As-Cast Condition
From Eqn. (2) the plot of normalised resistance with temperature follows the pattern of normalised resistivity with temperature, since the temperature dependence of the cross-section, A, and gauge length, L, can be neglected. Hence, the normalised resistance with temperature is considered for the different as-cast samples.
The resistance is directly measured using ETMT. In the as-cast condition., 2 mm × 1 mm and 2 mm × 2 mm cross-sectional areas were considered, given the variation in the number of dendrites on the cross-section. Fig. 6 plots the normalised resistance for the as-cast samples in the temperature range, 1150C to 1300C under zero load conditions. Across the number of samples, the normalised resistance at any temperature is not a unique value, but rather there is a range of values and this variation exists over the entire temperature range. Therefore, the normalised resistances can be viewed to lie in a band whose width is defined by the range in values at a given temperature. Three clusters can be observed within this band and will be classed as sub-bands and are as follows -lowermost sub-band ( 1 , 2 ), middle sub-band ( 1 , 2 , 3 , ℂ 3 ) and uppermost sub-band ( 1 , band). In the lowermost sub-band, plastic strain is up to three-fold greater for 1 compared with 2 . The strain and strain rates for samples in the lowermost sub-band are up to three-fold greater than those in the middle and uppermost sub-bands and with lower stress. In the uppermost sub-band, plastic strain is up to two-fold greater for sample 2 compared to sample 1 experiencing a greater stress.
Across Sub-Bands -Samples 1 , 2 , 1 , and 1 across all sub-bands have been subjected to similar deformation conditions between 1300C and 1220C. The largest increase in the plastic strain and strain rate occurs for sample, 1 , while the greatest increase in stress occurs for sample, 1 . Therefore, the normalised resistance plays a dominant role in the evolution of plastic strain and stress, like in the case of the near-solutioned condition. Since the normalised resistance (resistivity) is governed by the fraction of  and  phases, the implications of deformation on the as-cast microstructure is next examined.
Implications of Deformation on the As-cast Microstructure
The as-cast microstructure prior to deformation for a given specimen can be observed on cross-sections at the water-cooled grip ends, where the microstructure is unaffected by the deformation, where Figs. 8(a) and (b) are optical micrographs corresponding to 2 mm × 1 mm and 2 mm × 2 mm, respectively. The number of primary dendrites are near two-fold greater for the higher cross-section; about 29 dendrites for 2 mm × 2 mm and about 12 dendrites for 2 mm × 1 mm, which is consistent with the observations made on the near-solutioned samples.
The microstructure within the gauge volume is characterised by the  precipitate size/shape as well as crystallography, as in Figs Figure 10 . Following deformation, there is evidence for markedly elongated  precipitates and a chain of fine equiaxed grains along the edges of the sample in the gauge length. However, these grains are absent for samples with prominent ductility. Micro X-ray fluorescence was used to measure the concentration of the segregating elements, Ta, Re and Cr. While Ta segregates to , Re and Cr partition to  phase. Figs. 11(a) -(c) refer to Re maps corresponding to samples 1 , 3 and 2 , respectively. Table 4 summarises the average Cr, Ta and Re concentrations measured over representative regions (A-D) indicated in Figs. 11(a) -(c) and also included is the standard deviations across these measurements. The average concentrations of Cr, Ta and Re in all three specimens are similar within the gauge volume.
Isothermal Flow Stress and Creep Experiments in As-Cast condition
Isothermal Flow Stress
Sample 1 has a normalised resistance in the uppermost sub-band and the flows stress was measured at 1280C, 1260C, 1240C and 1220C. This corresponded to the measurements up to/just below the threshold temperature with an average strain rate of 1.2 × 10-5 s-1 over the temperature range. Sample 2 also has a normalised resistance in the uppermost sub-band and was used for flow stress measurements below the threshold temperature. The sample was cooled under displacement control to 1190C resulting in a plastic strain of 1.55 %, before flow stress measurements were made. The flow stress was reported at 1190C, 1180C and 1170C with an average strain rate of 1 × 10-5 s-1. Temperature-dependent flow stresses are presented in Fig. 12 and the results are summarised in Table 5 . Since a single sample is used, the resultant strain at any temperature Table 5 .
The temperature-dependent flow stress is compared with the stress that develops during cooling in samples 1 and 2 having normalised resistances that lie in the uppermost sub-band in Fig. 6 . The average strain rate in the cooling experiments varies as; d dt  3 × 10-5 s-1 ( 1 ) and 5 × 10-5 s-1 ( 2 ). From Fig. 12 7(b) and 12, a good correlation is observed between the saturation stress and that developing in sample 1 up to 1190C, below which the cooling stress exceeds the saturation stress. In case of sample 2 , the stress on cooling exceeds the saturation stress from 1240C, where the difference increases with decreasing temperature and varying from 3 to 10 MPa.
Creep
samples were used between 1210C and 1180C using Method 2. Since negligible hardening is observed up to the threshold stress and the evolution of stress on cooling in this temperature range is comparable across all sample pedigrees ( Fig. 7(b) and Table 3 ), samples ℂ 1 and ℂ 3 having normalised resistances within the uppermost and middle sub-band, were used for creep experiments using Method 1. The maximum stress prior to hardening is,  = 12.3 MPa; accordingly, creep tests were carried out in the temperature range; 1300C to 1240C for a range of stresses up to a maximum value of 12 MPa. In the cooling experiments for a cooling rate of 0.1 C s-1, the time duration for a decrease in temperature by 10 C is 100 s; therefore, creep at any stress was conducted for a maximum time interval of 100 s. This is in sharp contrast to that reported in other studies [23] . Table 6 , the strain induced is underlined, as in Table 5 for flow stress. The net plastic strain at any temperature however is a sum of that arising from prior creep experiments at the same and/or higher temperatures. In case of ℂ 2 , the sample was cooled under displacement control to 1220C, while in case of ℂ 4 , cooling was under displacement control to 1180C and the corresponding plastic 
where,  is the viscosity parameter (s), Q is the activation energy and n the stress exponent, where the superscript "cr" has been dropped. Accordingly, Fig. 14 prevails even for such small-time intervals. While, n  4.3 -4.9 in the temperature range, 1280C to 1240C, n  6.8 -7.6 in the temperature range, 1220C to 1180C. It was therefore inappropriate to use a unique value for the stress exponent (n) in deducing a constitutive law across the entire temperature range. Accordingly, only the temperature range, 1280C to 1240C is considered where hardening is absent. Using best-fit least squares method; n = 4.3,  = 9.6 × 10-13 s and Q = 598 kJ mol-1.
Discussion
One possible reason for the range in solvus temperature could arise from variation in composition across the different ETMT specimen gauge volumes from macro-segregation. However, this explanation can be discarded, since the concentration of the principal solute species segregating to  and  phases is similar within the gauge regions for specimens spanning the three sub-bands of normalised resistance, as summarised in Table 4 . A second possible reason is the existence of micro-segregation. In the as-cast condition, concentration gradients develop within the solid owing to limited solid-state diffusion in the dendrites in presence of refractory elements like Ta, W and Re with sluggish diffusion kinetics [10, 29] . This can be illustrated using the binary phase diagram in Fig. 15 . The local solidification path has been schematically illustrated for two dendrite crosssections, where the red and blue curves correspond to the average solid composition. The S/L interfacial compositions however follow the solidus and liquidus lines respectively. In this representative case solidification terminates within the single phase-field, but the arguments are equally valid when a eutectic reaction occurs. Solidification for the two freezing paths terminates at T1 and T2 for the red and blue curves respectively, where in the latter case, a larger freezing range is present. At temperature, T, there is a range in solid composition; C  C < C2, where  precipitates exist when the solidification path corresponds to the blue line, while in case of the red line, for all compositions C < C, only  phase exists. Therefore, the range in solvus temperature can be attributed to the local freezing path., which is accentuated in case of miniature specimens, when the number of dendrites are few; typically, 15 in 2 mm × 1 mm cross-sections. When the number of dendrites increase, as in macro-specimens this range in solvus temperature becomes increasingly less pronounced.
The onset of hardening commences beyond a critical threshold fraction of  precipitates within the  matrix for as-cast or solutioned samples. Unfortunately, a calculation of the precipitate fraction could not be performed as the  and  phases' resistivities as a function of temperature is not known. Nevertheless, for a reported thermodynamic and kinetic simulation [29] , a minimum mole-fraction of about 0.2 (dendrite core) and a maximum of about 0.4 (periphery of dendrite lobe) was reported across the dendrite cross-section in the as-cast condition at 1227C. This approximates a range of  fraction when hardening will begin to dominate. In the ascast condition, however, there also exists  within the inter-dendritic region, which constitutes the nonequilibrium phase, but absent in the near-solutioned condition. Moreover, this eutectic morphology will exist above the solvus, i.e. at 1300C since it is formed in the liquid state and in CMSX-4 this is approximately 10 % [29] . Despite the existence of eutectic  with an associated higher local solvus temperature compared with the near-solutioned condition (absence of eutectic), the onset of precipitation hardening in the as-cast conditions occurs at a lower temperature compared with the near-solutioned condition (Tables 2 and 3 ). It can be inferred that eutectic  does not contribute to precipitation hardening and plays no role, unlike solid-state precipitated  within the dendrites. This is a key inference. Furthermore, owing to larger solid composition range in the ascast condition compared to the solutioned state, the kinetics for the evolution of  during cooling is lower than in the near-solutioned case, i.e. Consequently, the critical fraction  required for precipitation hardening will develop over a larger temperature range in the as-cast condition compared with the solutioned state.
affect  morphology. Stress also affects the evolution of  shape, as observed in rafting, which are oriented perpendicular to the applied stress when lattice misfit is negative (a < a) [30, 31] . In Figs. 9(a) -(c) the  morphology is elongated but not completely rafted and suggests a role of the macroscopic stress state on misfit.
The two main considerations during continuous cooling that cause morphological changes are; (a) limited time dictated by the local cooling rate, which must have implications to stress driven coarsening and (b) the  precipitates nucleate within the strained matrix phase below the solvus. Detailed microstructure analysis using transmission electron microscopy is needed to identify the dislocation sub-structure that forms during deformation, as reported elsewhere [14, 32] . Nevertheless, other microscopic clues are present that relates the superalloy solid to deformation processes, as in Figs. 10(a) -(c). Since the samples in the cooling experiments are cooled under zero-load from 1150C to room temperature on termination of the test, the equiaxed grains in samples 1 and 3 must have originated above 1150C. Plastic deformation of secondary dendrite arms at edges resulting in equiaxed grains occurs when the stress exceeds the yield stress. This is most pronounced for least ductile sample 1 , where the stresses are significantly greater compared with 3 and 2 . Further, such pre-existing equiaxed grains can be potent nuclei for re-crystallisation during subsequent heat treatment, as was reported in [13] .
It is interesting to compare the flow stress with the results observed from the cooling experiments. Above the threshold temperature, not only is the stress comparable across the range of normalised resistances, but also agrees well with the flow stress. In case of samples 1 and 2 between 1280C and 1240C the stress agrees closely with the saturation stresses in Fig. 12 , indicating the role of visco-plastic deformation or creep with limited precipitation hardening. With further cooling, there is increasing difference in stress between sample 2 , Fig. 7 (b) and the saturation stress at a given temperature, Fig. 12 , unlike in case of 1 . There are two reasons to account for this.
• First, the difference in strain rates corresponding to the flow stress and cooling experiments was ∆̇  2 × 10-5 s-1 for 1 , while it is ∆̇  4 × 10-5 s-1 for 2 . At temperatures close to the  solvus, when creep is dominant, the strain rate is important. The higher strain rate in 2 therefore accounts for the greater stress, from reduced visco-plasticity.
• Second, history dependence constitutes the second reason. In case of 1 , the plastic strain at any temperature during cooling between 1190C and 1170C, is at most 0.7 % larger than the flow stress measurements. However, in 2 , the plastic strain is at least 2% greater than in the flow stress experiments.
Therefore, accumulated deformation at successively higher temperature as well as the strain rate plays a pivotal role in the evolution of stress and strain during cooling.
Creep is an important aspect in these experiments. This is best observed when comparing;
(i) Samples across sub-bands under constant deformation conditions, or (ii) Across samples in a given sub-band under varying deformation rates.
In (i), i.e. when comparing samples 1 , 1 , 2 and 1 , the most noticeable observation is the extreme ductility exhibited by sample 1 in the lowermost sub-band, while in (ii) when comparing samples 1 and 2 , it is the larger plastic strain observed in case of 2 compared with 1 . The need for two creep testing methods arises from this history-dependence. Specifically, at lower temperatures, where precipitation hardening dominates it is pertinent to use multiple samples, rather than a single sample. In addition, strain rate is critical as observed in the flow stress measurements. In case of multiple samples, while the overall strain rate is typically 0.5 -5 × 10-5 s-1, in case of a single sample the range in strain rate is lower and typically 1.5 -2.5 × 10-5 s-1, although few higher values also exist ( precipitation hardening can be neglected [33] . However, n  6.8 -7.6 below the threshold temperature, where precipitation hardening occurs is comparable to n  7 reported in [14] at 1100C. The difference in exponent below 1220C, clearly indicates the implications of precipitation hardening. By considering the temperature range, 1280C to 1240C, where deformation is within  phase, n  4.3 and the calculated activation energy, Q  598 kJ mol-1 shows reasonable agreement with Q  500 kJ mol-1 in [34] and Q  469 kJ mol-1 in [35] . However, these activation energies correspond to the temperature range 800C to 950C, while a value of 773 kJ mol-1 at 1100C has been reported in [14] . These parameters are the same for both samples ℂ 1 and ℂ 3 over the temperature range before precipitation hardening occurs, in spite of recording different normalised resistances. This is not surprising, since the evolution of stress and plastic strain across the middle and uppermost sub-band begins to deviate significantly only below the critical temperature when hardening begins to dominate.
There are some key implications of this study. First, it is now possible to use a constitutive equation for creep that captures the history dependence of deformation to model the evolution of plastic strain and stress on cooling from temperatures close to solvus. Second, unlike previous studies, the approach of using a single equation can only be used over a small temperature range before precipitation hardening begins to dominate. Third, location specific aspects arise, especially in regions where the number of dendrites across the cross-section is small. This specifically relates to fillet radii in the aerofoil of turbine blades, where conditions akin to that existing in miniature testing are encountered.
Conclusions
(1) Location specific properties become increasingly dominant in thermo-mechanical deformation for cross-sectional area  2 mm2 approaching solvus temperature. This is prevalent in the as-cast condition,
where the normalised resistance/resistivity can be used to classify micro-segregation.
(2) On cooling from 1300C to 1150C;
(a) Creep within  phase accompanied by a small increase in stress occurs initially up to a critical temperature, below which a rapid increase in stress occurs from precipitation hardening of .
(b) With decreasing normalised resistance, the temperature for the onset of hardening decreases accompanied with a lower stress compared with higher normalised resistance.
(3) Short-term creep experiments to capture the history-dependent deformation have been designed in the temperature range 1300C to 1220C and between 1220C to 1180C, when precipitation hardening prevails.
(a) Steady-state (secondary) creep was shown to follow an Arrhenius-type equation. Between 1300C to 1220C, the best-fit parameters are; n (stress exponent)  4.3 and Q (activation energy)  598 kJ mol-1, which is consistent with dislocation glide creep in  phase.
(b) A constitutive equation is therefore proposed between 1300C to 1240C to calculate the evolution of stress and plastic strain during cooling in this temperature range. 
